Fractures are widely distributed in tight reservoirs. Fractures and pore-throats form the flow path of oil/gas/water in reservoirs. How to determine the permeability of fractured porous reservoirs is still difficult. A group of tight sandstone samples are first used to measure the fractures and analyze the distribution rules between numbers and length, angles. The permeability changing with the fracture's length and density for different matrixes is then computed by using pore-fracture network model. At last an empirical formula for predicting the permeability related with the fracture's length and density is fitted based on the computed data.
Introduction
Permeability of fractured porous rock is important but difficult to predict because of the complex fracture distribution and pore-throat characteristics. Fracture network strongly affects the seepage properties of rocks, such as oil/gas reservoirs. But how to evaluate the effects of fractures on the permeability of porous media is still very difficult. Many methods have been presented for predicting the permeability but each has a scope of application. So the prediction of permeability of fractured porous media is still required to study.
Lorente et al. [1] studied the characteristics of fractured porous media. Their results show that this kind of media is multi-scale. Warren and Root [2] and Koudina et al. [3] assumed that a fractured system in a porous rock is consisted of identical rectangular porous parallel pipes. Flow takes place in the fracture [7] . Thus this method is used in the following analysis.
The scaling of fractures in rock has been implied widely in tectonics, seismic hazard assessment etc. It is shown that distribution of fractures in many kinds of rocks can be described by power-law scaling [8] [9] . The seepage characteristics and parameters are studied and predicted based on this distribution law.
In this paper, fractures in a group of tight sandstone samples are measured and used to examine is the fracture distribution satisfies the power-law scaling.
Then the permeability changing with fracture's length and density for different matrix is computed by using pore-fracture network model. An empirical formula is presented for predicting the permeability of fractured porous rock at last.
Power Law Scaling of Fractures
Previous study shows that the cumulative number of fractures (N) having length ≥ L can be expressed as [9] B N AL = (1) in which A and B are coefficients.
The tight sandstone samples were selected from typical oil formation in Sichuan province to analyze the statistical characteristics of the fractures. The Sichuan Basin is the greatest potential area for oil/shale gas production in China. The data between the fracture length and the accumulated numbers are drawn in Figure 2 . It is shown that these two factors can be described by power-law scaling. Most fractures are with angles in the range 90˚ -135˚ (Table 1) (2) in which N m is the total of fractures, L m is the maximum of fracture length, a and b are coefficients. Considering the fractures distribute in an area S, the average length and density can be solved as follows.
The average length of fractures N f by integrating Equation (2) and divided by N m :
The density of fractures D a :
For other type of distributed fractures, the fracture's length and density can be obtained in the similar way.
In the next sections, the permeability is computed by using the pore-fracture network model. A fitting relation between the permeability and the average fracture's length and density is obtained based on the computed data. As an example, the width of the fractures and the direction angle are assumed to be constant.
Computation of Permeability by Using Pore-Fracture
Network Model 1) Introduction of pore-fracture network model. Figure 3 ). Each pore is connected with four neighboring pores by four cylindrical throats respectively. Pores are large and act as inner storage space, while throats are narrow and long channel for flow. Fractures are longer and wider than throats. Each fracture connects two nonadjacent pores. Flow in permeability can be obtained [13] .
Pore-fracture network model (PFNM) is consisted of pores, throats and fractures (shown in
Pores and throats are assumed to be in normal distribution. For randomly distributed fractures' angles, the angles can be thought as uniform in the three directions respectively. So the fractures' directions are set to be horizontal considering the displacement direction in the following simulation. In this paper, we only discuss the changing of permeability with fracture's length and density.
The controlling equation of single phase flow in throats:
where q is the flow rate, μ is the dynamic viscosity of fluid, ρ is the density of fluid, p is the pore pressure.
Considering the incompressibility of the fluids (oil and water), the flow rate must be zero at each pore. The total flow rate at each pore is:
Substituting Equation (5) into Equation (6) yields:
By solving the above equations, the pore pressure at each pore can be obtained.
The absolute permeability of a single fluid phase in the network can be calculated by the Darcy's law and the solved pore pressure:
where μ is the viscosity of fluid, L is the length of network, A is the area of cross sectional.
Computing Results
The existence of fractures in fractured porous rock leads to a great change in the According to the above data, the fitting relation can be expressed as follows:
For type I rock:
3.14 3 0.05 0
For type II rock:
From Equations (9) and (10), it can be seen that the effects of average length are larger than that of density. For type I rock, the effects of density can be neglected. The increase of average length of fractures can fast strengthen the connectivity of rock. The larger the initial permeability is, the more obvious the effects are. The predicted absolute permeability is computed first by the above two
Equations (9) and (10) and the data in Table 2 . Then the predicted data are compared with that computed by the pore-fracture network model. It is shown that the two sets of data are agreement well with each other ( Figure 5 ). Thus, the presented formulation for prediction of permeability is reliable in the range of discussion. By the data in Figure 1 , the permeability computed by Equation (9) is 2 mD, which is close the measured data 3 mD. Though the presented formula catch the main factors and is simple for use in practical engineering, some factors (fracture width and three dimensional distribution etc.), can also affect the permeability in some cases, are not considered. The fracture system in the real rock is complex, thus much deeper work is required to do to build a more practical prediction formula.
Conclusions
To seek an appropriate method for predicting the absolute permeability of fractured porous rock, fracture distribution was first discussed. Then the pore-fracture network model was used to analyze the absolute permeability under different conditions (matrix, fracture's length and density). An empirical method for determining the permeability of fractured porous rock is presented. It is shown that the permeability increases non-linearly with fracture's length and density for different matrixes. The absolute permeability of the rock with fractures distribution can be expressed as a function of the permeability of matrix and fracture's length and density.
Though the main factors are considered in the presented formula and the form is simple, Fracture width and spatial distribution which can also affect the permeability in some cases are not considered. Much deeper work is required to do to build a more practical prediction formula.
